Massive amounts of water and land are exploited for rapid economic development. The increasing demand on water and land has aggravated water and land scarcity, which are posing a great risk to national economy. In this study, we proposed a network-based scarcity risk assessment framework for water-land nexus in national trade system to investigate the vulnerability of the national economy to water and land scarcity. Based on the hydrological availability of water resource and water consumption, the water stress index was first built to assess water scarcity in each region. Similarly, based on regional land use and land resource, regional land stress index was built. Taking the stress index as initial risk, combing with the economic multiregional input-output analysis, and the information network model in ecological network analysis (ENA), the water-land scarcity risk network was established. Finally, a case study was conducted in China to quantify the water-land scarcity risk propagation among different regions and sectors, concerning both direct risk and integral risk, in the national trade system. The results showed that disparities of regional water and land use are obvious due to the different natural endowment of water and land resources. Most studied provinces had at least slight land stress. There are significant differences between initial risk and integral risk due to network amplification effect and nexus impact. The proposed network-based scarcity risk framework for water-land nexus can identify vulnerable provinces and sectors in the national trade network to strengthen the resilience of the national economy.
Introduction
The large amount of water and land has been exploited, which is causing local scarcity of water and land resources. The limited water and land resources is considered as a restriction to the sustainability of environment and economic [1] [2] . Though virtual water trade has saved water nationally, it has also increased water stress in some already water-scarce regions [3] . One liter of water consumed in the arid area does not compare to one liter of water from the humid area, because water is much scarcer in the arid area. Plenty of economical-related systems are facing the risk of resource supply risk, for example, the water constraints for power generation and the scarcity of land used for food production in northern area of China [4] [5] [6] [7] . And the water-land scarcity risk (WLSR, meaning potential economic output losses of economic activities due to local water and land scarcity) can be propagated to downstream sectors or regions through the national supply chain. Thus, regions or sectors are vulnerable not only to their own WLSR, but also to the WLSR their upstream suppliers faced. It is necessary to characterize water and land consumption patterns embodied in economic activities according to their scarcity along the supply chain.
Regions are interconnected via national trade with ever-closer trade relationships. To understand how external consumption affects local water and land use, an extensive body of research has investigated virtual transfers of water and land embodied in trade based on multi-regional input-output (MRIO) analysis [8] [9] . MRIO relies on inter-regional trade matrices, which can be used to account for the embodied resources such as energy, water and land that is needed to provide goods or services. It has been widely used to trace resource flows embodied in trade system. These studies have revealed that the economic activities of one region/sector may leave large imprints on the resource use of another region/sector.
Local resource scarcity risk in one producing region can transcend geographical borders and lead to potential production losses in another consumption region, among which water scarcity risk has attracted considerable attention [3, [10] [11] [12] . For example, Feng et al. incorporated water scarcity into MRIO to assess virtual scarce water flows and associated impacts among 30 provinces in China, and found that interregional flows of virtual water reveal additional insights when water scarcity is taken into account [3] . Qu et al. estimated the impacts of local water scarcity risk on the global trade system from 1995 to 2009 and identified production losses of different nations/sectors due to water scarcity [12] . However, these studies did not consider the network amplification effect, therefore failed to implement a holistic assessment at a system scale when interactions of different risk receptors (sectors/regions) are obvious.
The information based network model in ecological network analysis (ENA), aiming at evaluating a wide range of undesirable consequences initiated by a possible eco-environmental hazard, has been widely used to assess the environmental risk in the context of system-based management [13] [14] [15] . While most models developed for ecological risk assessment are restricted to computation of single factors. Since the interconnectedness across different kinds of resource is increasing, for example the adoption of a specific land use policy may cause adverse effect on water resource. The nexus thinking among different resource elements has been carried out to evaluate different environmental elements simultaneously under a uniform ecologicaleconomic system framework by many researchers, enabling the tracking of environmental burden in the trade process and a better assessment of the trade-offs among different environmental elements [16] [17] [18] [19] .
Given this, we proposed a network-based scarcity risk assessment framework for water-land nexus in national trade system. Firstly, the water and land stress index was built according to the hydrological availability of water and the land occupation in each region to assess their water and land scarcity. Then the water-land scarcity risk network was established based on the MRIO analysis and the information network model in ENA. Finally, take China as a case study, the WLSR propagation among different regions and sectors was quantified. Using the scarcity index and the WLSR propagation process, we aim to assess the impact of national trade to water and land resources and reveal vulnerable provinces and sectors to strengthen the resilience of the national economy.
Methodology

Water and land stress index
Water stress is commonly defined as the ratio of total annual freshwater withdrawals to hydrological availability. Pfister et al. advanced the water stress concept to calculate a water stress index, ranging from 0 (no stress) to 1 (maximum stress), following a logistic curve to represent commonly reported thresholds for water stress levels (see [20] [21] for a detailed description of the index).
Similar to water stress index (WSI) [6] , to discover the impacts of land occupation, and quantitatively assessed the stress of land resource in each region, we proposed the land stress index (LSI). Here, we defined the LSI as the land stress aroused from land occupation by agricultural and construction in each region, among which agricultural land includes cultivated land, pastureland, other agricultural land, and construction land includes land for residential, land for industrial/mining sites, land for transport and land for water conservancy facilities. It can be expressed as: L is the total area of region i.
Water-land scarcity risk nexus framework
This framework describes the basic process of using MRIO and information network model in ENA to realize water-land scarcity risk nexus. Firstly, based on MRIO, the monetary flows between sectors or regions were tracked in the national trade network. According to the monetary flow, the distribution of information control among sectors/regions is analyzed and quantified by network control analysis of ENA. Secondly, based on the water and land stress index, the WLSR (potential direct output loss) due to water and land scarcity of each sector/region can be quantified accordingly in the context of water-land nexus. Figure 1 showed the land stress caused by the occupation of by agricultural and construction in 31 provinces in China, revealing the distribution of land scarcity risk. The color-coding of the regions can distinguish no land stress, slight land stress, moderate land stress, severe water stress and extreme land stress. Our results show that 26 of 31 studied Chinese provinces had at least slight land stress (LSI>0.3), among which 3 provinces (Tianjin, Shanghai and Jiangsu) showing extreme water stress (LSI>0.8). It is obvious that land is scarcer in coast areas, whereas parts of inland areas are also facing land stress, Tibet, Qinghai and Inner Mongolia show levels of moderate land stress, which will increase the ecological and economic vulnerability.
Primary results
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Discussion
This study was conducted to propose a networkbased framework for the water-land scarcity risk nexus in national trade system based on the MRIO analysis and the information network model in ENA. Taking China as a case study, we found that due to network amplification effect and nexus impact, there are significant differences between integral risk and initial risk. Incorporating the scarcity index to quantify the WLSR propagation process, we aim to reveal vulnerable provinces and sectors to strengthen the resilience of the national economy.
